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 
Abstract—This work presents a study of design optimization of 
CCD on CMOS devices, in order to minimize the Charge 
Transfer Inefficiency (CTI). To achieve this goal, 3D Technology 
Computer Aided Design (TCAD) simulations with a trap model 
at silicon–oxide interface were conducted, and measurements on 
two test chips manufactured on two different foundries were 
performed. TCAD simulations predict trends in agreement with 
measurements, but trap models at STI and gate oxides should be 
adapted accordingly to the technology used. Some design 
variations show results depending on the technology chosen, and 
the best CTI reduction is obtained with an increase of Pwell 
inclusion over STI edges. 
 
Index Terms— Charge coupled devices, charge transfer, 
charge, transfer inefficiency, CMOS image sensors (CIS), deep 
submicrometer process, trapped charge. 
 
I. INTRODUCTION 
owaday, CMOS image sensors are widely used for 
commercial and scientific applications, because they 
have made huge progress and they have now very competitive 
performances [1][2]. In addition, they have the possibility to 
integrate CMOS functions and offer a high integration for a 
lower cost. However, real CCD devices are still dominating in 
specific field like TDI imaging [3]. Indeed, in contrary to 
CCD process, CMOS imaging submicronic processes do not 
provide CCD optimizations like for example high oxide 
quality or poly-silicon overlapping. As a consequence, dark 
currents are generally more important and the charge transfer 
inefficiency (CTI) is higher due to the presence of poly-silicon 
gap between gates. However, thanks to the latest advances in 
manufacturing process, it becomes possible to realize CCD 
devices on CMOS technology. Consequently, a very strong 
need for the integration of CCD devices on CMOS technology 
is emerging in order to combine the advantages of CMOS 
integration, photodiodes and pinned photodiodes, and charge 
transfer along long distances with high performance. 
 As written before, CMOS imaging processes do not offer 
gates overlapping option and a gap between gates remains and 
leads to a weak electric field which can delay or even lose 
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charge during transfer [4]. This gap is forced by design rules 
and is usually higher than 200 nm. The other main weakness is 
the lower surface oxide quality of the CMOS processes 
responsible of higher dark current. One alternative exists and 
is the use of a Buried channel implant (BCCD) [5]. This 
additional implant creates a buried potential well, and 
electrons are thus carried away from the surface, which 
improves the charge transfer and decreases the dark current. 
However this special implant is usually not proposed by 
CMOS image sensor foundries, and we choose not to use it in 
order to keep a conventional process. Performances of CCD 
on CMOS devices are thus inferior to real CCD devices, for 
example CTI in CCD on CMOS achieves some 10
-3
 [6]-[7]-[8] 
while CTI is kept below 10
-5
 in real CCD [9]-[10]. 
Therefore, it is of primary interest to develop new strategies 
with the goal to improve CCD on CMOS performances. As we 
want to keep the lower cost and the accessibility of 
conventional CMOS image sensor fab, process modifications 
should not be developed. Thus, the remaining possibility is to 
develop solutions based on design adjustments. 
In this paper, we propose firstly to explore some design 
modifications with 3D TCAD simulations, and then secondly 
to measure dedicated test vehicles containing the selected 
design variations. 
 
II. 3D TCAD INVESTIGATION 
3D TCAD simulations were conducted with the Synopsys 
Sentaurus software. The structure was created using Sentaurus 
Device Editor (SDE) and analytical profiles for the Pwell, 
source and drain implantations, and then imported in Sdevice 
for electrical simulations. All simulated structures have the 
same elements: four gates, one drain, and one ground contact 
(Fig. 1). The poly-silicon thickness and the poly-silicon gap 
are fixed respectively at 200 nm and at 100 nm. 
Gates are polarized at conventional CMOS values, i.e. Vlow 
= 0 V and Vmax = 3.3 V. Before injecting electrons the TCAD 
structure is reseted through the N-plus drain. Following this 
operation, electrons are injected under the gate “1” using an 
optical illumination. Then the charge packet is moved gate by 
gate until gate “3”, keeping the gate “4” at Vlow. The transient 
signal applied on the gates is characterized by 100 ns pulse 
widths with 10 ns ramps edges. 
Due to the presence of surface states, potential barrier 
between gates due to the poly-gap and silicon bulk defects, 
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electrons can be trapped and eventually re-emitted when the 
charge packed is moved to the following gates. This 
singularity is at the origin of CTI, which gives the ratio of 
electrons missed or lost after one transfer. Some of these 
electrons are transported in the following transfer phases, and 
they are called “deferred electrons”. The other ones are lost. 
 With the aim of getting closer to experimental results, a trap 
model was introduced during the charge transfer between 
gates. Indeed, without this defect model, the CTI would be 
ideally null [11]. In Sdevice, acceptors are specified at all 
silicon – oxide interfaces, with a concentration of 5x109 
traps.cm
-2





 The CTI is estimated by comparing injected electrons under 












CTI               (1) 
 
where 2 is the transfer number. The CTI extracted from TCAD 
simulation is therefore based on deferred and lost charge. 
 The TCAD mesh was chosen to give the best compromise 
between calculation time and precision. CCD structure meshs 
have an average of 200000 elements, implying a simulation 




Initially, a reference design (“REF”) is defined with a 
conventional gate conformation: poly-silicon rectangular gates 
larger than the diffusion area (Fig.1). With the aim to avoid 
any dark current generation due to a contact of the depleted 
region with the Silicon Trench Isolation (STI), STI edges are 
enclosed within 100 nm of P-well. Gate area on diffusion 
region without Pwell is 1 µm x 1 µm. 
 
A. Gate conformation 
The gate shape modification over the CCD channel is the 
first investigation presented. Two designs are proposed with a 
“V” shape (Fig. 2). The purpose is to improve the transfer in 
one direction. Indeed, under the narrowest part of the gate the 
potential in the channel as well as the well capacity are 
expected to be lower due to narrow channel effect. Charge 
should tend to migrate to the widest part of the gate, which 
improves the transfer. However this modification has a 
drawback, as the structure can only transfer charge in only one 
direction. The design called “form 1” has a wide section on 
the left part of the gate to optimize the electron transfer from 
the previous gate. Then, a “V” shape should help the electron 
transfer to the right side part of the gate. The design called 
“form 2” has a thin section on the left part of the gate and is 
based on a “V” shape. 
 
 
The Fig. 3 is showing the TCAD CTI results for the 




As it can be seen on the Fig. 3, the gate conformation 
modifications reduce the CTI up to 45%. The “form 2” which 
only has a “V” shape gives the best result. In the “form 1” the 
wide left part followed by the “V” shape is not the best option 
to optimize the electron transfer. Indeed, electrons stored 
under the left wide part of the gate hardly go through funnel 
gate which has an unfavorable potential distribution. From 
these results, it can be seen that a thin section on the left part 
of the gate (like in “form 2”) does not trouble the charge 
transfer from a gate with a wide section. According to these 
observations, only the “form 2” design is chosen to be 
implemented in the test chip. 
 
 
Fig. 3. 3D TCAD simulation of Charge Transfer Inefficiency vs injected 
charge of three different gate designs. 
 
Fig. 2. Design view of the two modified structures with a “V” gate 
conformation. 
 
Fig. 1. 3D TCAD doping concentration of the reference CCD structure and 
visualization of the mesh, without oxide regions. A (X,Z) cross-section 
illustrates the CCD channel mesh precision. 
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B. Gates avoided on STI area 
The idea of this modification is to entirely remove STI 
edges from the CCD channel with the goal to minimize charge 
trapping at STI edges. Indeed, generally STI edges introduce a 
higher number of interface states than surface oxide [12], 
depending on the foundry used. To do so, the poly-silicon 
gates were only drawn on the diffusion layer (Fig. 4), and the 
poly-silicon contacts are drawn on the diffusion area. The 
expected result is a reduction of charge trapping and a 




The Fig. 5 shows the TCAD simulation of CTI with this 
design modification. A small decrease of CTI is visible at all 
injection levels. Two cross-sections extracted from the 
simulated CCD structure are grouped in the Fig. 6. These 
cross-sections perpendicular to the CCD propagation direction 
show the distribution of trapped charge at the silicon – dioxide 
interface. On the reference picture a high amount of charge is 
trapped under the gate at STI interface, whereas on the “wo 
STI” picture there is no charge trapped at STI interface. 
Therefore, the TCAD simulation shows a reduction of CTI 







Considering the positive TCAD simulation results, this 
modification is implemented in the test chip. 
 
C. Variations on Pwell inclusion 
In order to passivate STI edges, Pwell is drawn around the 
CCD channel with an inclusion of STI. By varying the Pwell 
inclusion of STI edges, we expect a modification of charge 
trapping, and consequently of CTI. In reality, the result should 
also depend on the technology used, as it is driven by the 
Pwell dopant distribution and by the STI oxide quality. 
For this purpose, two Pwell inclusion variations are studied, 
one at 200 nm and another at 0 nm. The TCAD simulation was 
run with the same interface traps model for both STI and gate 
oxide, as we cannot calibrate them for both chosen 
technologies. In this way, the TCAD result is only depending 
on dopant distribution and not on the probably higher interface 
states of STI. 
As can be seen in Fig. 7, reducing the Pwell inclusion at 0 
nm leads to a small CTI reduction for more than 5000 injected 
electrons. This happens because the very thin Pwell layer 
between the STI and the CCD channel leads to a higher 
resulting potential, which gives a better electrostatic control of 
electrons. For a lower amount of injected electrons, the CTI is 
not reduced because the electrons transfer is mainly affected 
by interface traps rather than the improved potential in the 
vicinity of the CCD channel edges. Then, a Pwell inclusion of 
200 nm induces a decrease of CTI (< 10%) in all injection 
range, due to a better passivation of STI edges which 
dramatically reduces contacts between electrons and STI. 
However, as said before, these observations have to be 
moderated and adapted, as it does not take into account the 
usual lower STI oxide quality. Indeed, if the interface traps 









 for STI, CTI of the structure 
with 0 nm of Pwell inclusion strongly increases at the expense 




These design variations are implemented in the test chips, 
and we expect different results depending on the technology 
used and on the Pwell inclusion. 
 
 
Fig. 6. 2D cross-sections perpendicular to the CCD direction showing 
electrons trapped at interface on the reference and on the “wo STI” designs. 
 
Fig. 5. 3D TCAD simulation of Charge Transfer Inefficiency vs injected 
charge of two different designs: reference and design without gate on STI.  
 
Fig. 7. 3D TCAD simulation of Charge Transfer Inefficiency vs injected 
charge of three different Pwell inclusion designs. The reference has a 100 nm 
Pwell inclusion. 
 
Fig. 4. Design view of the CCD structure with gates only on diffusion layer. 
STI edges are not in contact with the CCD channel. 
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III. MEASUREMENTS ON TEST CHIPS 
A. Experimental details 
The various designs were implemented in two different test 
chips, manufactured in two different foundries. The first one, 
called “foundry A” is a leading Asian company providing a 
180 nm imaging CMOS technology. The design rules fix the 
poly-silicon gap at 250 nm and no additional process option 
was taken. The second foundry, called “foundry B”, is a fab-
less company providing an imaging CMOS technology with a 
poly-silicon gap fixed at 100 nm. In the same way, no 
additional process options were taken. The performances 
given by these two processes are not compared in this paper, 
as it is out of focus. Both test chips are compatible with 
surface channel transport (SCCD) as no buried channel was 
used. The two test chips were not designed and manufactured 
at the same time, and they do not have exactly the same design 
variations. 
As in TCAD study, gates are 1 µm long and 1 µm wide, 
with a 100 nm Pwell inclusion for the reference design. For 
each design 2 structures were realized, one with 3 transfer 
gates and another one with 201 transfer gates. All CCD on 
CMOS devices are compatible with 3 phases CCD 
architectures. Electrons are injected by means of an injection 
drain and an injection gate, using the fill and spill method [13] 
[14]. Electrons are transferred to a floating diffusion node 
connected to a readout chain, similar to the ones used in 
CMOS imaging systems [1]. 
All measurements were performed at 22°C by means of a 
Cascade prober and a Pulse Instrument data generator. CTI 
was estimated using two methods, and averaged on 3 dies. The 
first one is the commonly used Extended Pixel Edge Response 
(EPER), which consists in measuring the amount of charge 
emerging in the first, second, etc. transfer following the charge 
transfer [15] [16]. This method gives a CTI based only on 
deferred electrons. The second one consists in a comparison 
between the transferred charge of a 3 gates structure and a 201 
gates structure with the same design [11]. The method is 
called “Compared Pixel Response (CPR)”. Assuming that the 
CTI is constant over the entire CCD device, the CTI is 











      (2) 
 
where n3G and n201G are respectively the gate transfer number 
in the CCD test structure containing 3 transfer gates and 201 
transfer gates, ΔVout_3G is the voltage shift of the output node 
on the 3 gates structure, and ΔVout_201G is the voltage shift of 
the output node on the 201 gates structure. The advantage of 
this method is to provide a CTI based on both deferred and 
lost charge. The mean dark current was also measured on all 
CCD on CMOS designs at 22°C by varying the storage time 
on one gate from 20 µs to 180 ms. 
In order to get representative results, the CTI is plotted vs 
the injected electrons. With the aim of obtaining the amount of 
injected electrons from the voltage shift of the output node, the 
Charge to Voltage Factors (CVF) of the output nodes are 
estimated using their dimensions and the foundry capacitance 
model. 
 
B. Measurements on test chips with gate design variations 
The Fig. 8 is showing CTI measurements performed on the 
reference design (“ref”), the design with the conformed gates 
“form 2”, and the design with gates avoided on STI (“wo 
STI”), on chips processed in the foundry A. The Fig. 9 is 
showing CTI measurements obtained on the reference design 
(“ref”), and the design with gates avoid on STI (“wo STI”), on 






The CTI measured on the reference designs give values 
comparable with other work [6] - [8], in the range of 5.0x10
-4
 




 < CTI (EPER, B) < 
2.0x10
-3
. As expected, the CTI measured by EPER is lower 
compared to the CTI measured by CPR, because CTI 
measured by EPER takes into account only deferred charge 
and miss lost charge. Therefore, the CTI measured by CPR is 
in the range of 1.1x10
-3





 < CTI (CPR, B) < 4.4x10
-3
. As usually observed [15] 
- [17], CTI strongly increases when injected electrons are 
getting smaller due to the presence of interface states at the 
 
Fig. 9. Measurement of Charge Transfer Inefficiency vs injected charge of 
two different designs made in foundry B: reference, and gate avoided on STI 
“wo STI”. 
 
Fig. 8. Measurement of Charge Transfer Inefficiency vs injected charge of 
three different designs made in foundry A: reference, gate conformation 
“form 2”, and gate avoided on STI “wo STI”. 
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silicon – oxide interface. Indeed, smaller amount of electrons 
have a lower charge density, and therefore the smaller 
electrons packets interact with more traps per electron of 
signal, leading to an increase of the CTI. 
The CTI of the device with gates conformed “Form 2” is 
similar to the reference sample (foundry A). This 
disappointing result can be attributed to the fact that we had to 
violate lot of design rules when we drew this pattern. Indeed, 
the original gate shape requires to draw slanted lines and to 
cross diffusion regions without respecting the minimum 
clearance distance. It might be possible that the gate oxide 
thickness or its quality is affected by the non-compliance of 
these design rules which lead to the realization of the gate and 
gate oxide process in non-optimized and non-recommended 
conditions. Thus, electrons transfer is affected by the presence 
of defects or potential barrier due to gate oxide modifications. 
If we look now at the design with gates avoided on STI 
(“wo STI”), we see a slight increase of the CTI with the 
foundry A, in contrary to the TCAD prediction. However, in 
the same way as for the “form 2” sample, we had to violate 
some design rules. Indeed, the minimum clearance distance 
between poly and diffusion area cannot be respected in this 
structure and poly-silicon contacts on diffusion were drawn 
whereas it is not allowed. One can suppose that this affects the 
gate oxide or the gate quality. Consequently, electrons transfer 
is affected by the presence of defects or by potential barrier as 
with the gate conformed “form 2”. On the sample made in the 
foundry B, we see a reduction of the CTI measured by CPR of 
about 15%, meaning that less charge are lost during the 
transfer, in agreement with the TCAD. This design 
modification reduces the CTI only with the foundry B, 
probably because design rules of the foundry B allow the 
poly-silicon contact on diffusion and enforce less restrictive 
clearance distance between poly and diffusion area. The gates 
and gate oxide are therefore realized in optimized conditions 
and electrons transfer is only affected by the gate 
conformation. To conclude, this kind of design modification 





Dark current measurements are shown in the Fig. 10. The 
dark current seems to be not sensitive to the design 
modification “Form 2”. However, with the gates avoided on 
STI, the dark current is divided by 3 or multiplied by 2 
depending on the technology used. Therefore, we cannot 
conclude on the dark current variation with the gate avoided 
on STI. 
To conclude, the gate design variations do not lead to 
obvious CTI reduction. Indeed, the processed chips did not 
give the expected results like the ones shown by TCAD 
simulations, probably because such variations require to 
violate a lot of design rules, which can degrade the region 




C. Measurements on test chips with Pwell inclusion 
variations 
Measurement performed on CCD on CMOS devices with 
various Pwell inclusions are shown in Fig 11 (foundry A) and 




A Pwell inclusion of 200 nm gives a very nice CTI 
reduction with technology A, measured by CPR and by EPER. 
Indeed, the CTI is decreased until 60% and is in the range of 
6.3x10
-4




 < CTI (by 
EPER) < 6.0x10
-4
. As it was found previously that STI edges 
 
Fig. 11. Measurement of Charge Transfer Inefficiency vs injected charge of 
three different designs made in foundry A: reference (100 nm inclusion), 200 
nm Pwell inclusion and 0 nm Pwell inclusion. 
 
Fig. 12. Measurement of Charge Transfer Inefficiency vs injected charge of 
two different designs made in foundry B: reference (100 nm inclusion) and 0 
nm Pwell inclusion. 
 
Fig. 10. Measurement of dark current for different designs made in foundry 
A and B: reference, gate avoided on STI “wo STI”, and gate conformed 
“form 2”. 
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in foundry A have much more interface states than gate oxide, 
increasing the Pwell inclusion over STI edges lead to a strong 




Dark current was evaluated on these CCD test structures 
and results are displayed in the Fig. 13. The technology A has 
lower STI oxide quality compare to gate oxide and dark 
current evolves in agreement with this observation: a 0 nm 
Pwell inclusion increases the dark current and a 200 nm Pwell 
inclusion decreases it. The results obtained on technology B 
are less sensitive to Pwell inclusion and only a small dark 
current increase is visible with a Pwell inclusion of 0 nm. 
The influence of Pwell inclusion is mainly dependent on the 
technology used. Therefore, when STI oxide has a lower 
interface quality than gate oxide, which is usually the case, a 
higher Pwell inclusion leads to a CTI reduction and potentially 
to a dark current reduction. 
In a future work higher values of Pwell inclusion will be 
studied as well as the use of a higher doped implantation 
instead of Pwell on the vicinity of the CCD channel. The 
ambition is to improve again the STI passivation and to 
decrease the CTI. 
 
IV. CONCLUSION 
The design impact study on charge transfer inefficiency was 
conducted by means of 3D TCAD simulations and 
measurements performed on 2 test chips manufactured on 2 
different foundries. TCAD simulations show a reduction of 
CTI using a modified “V” shape of the gate, which is not 
verified on the measurement performed on one chip, probably 
because of the design rules we had to violate. In the other 
hand, TCAD suggests a reduction of trapped charge during 
transfer when the poly-silicon gate is only drawn over 
diffusion area and not on STI. Actually, measurements 
indicate a CTI reduction of about 15% only with the 
technology allowing this kind of design exception. Finally, a 
variation on Pwell inclusion on STI edges was realized. 
TCAD simulations with an identical trap model at gate oxide 
and STI oxide interfaces show a small reduction of CTI (< 
10%) when the Pwell inclusion is chosen at 200 nm. This was 
verified by measurement, the CTI measured on the chip with a 
worse STI oxide quality compared to gate oxide shows a 
strong CTI reduction of 60%. To conclude, TCAD simulations 
are in a good agreement with measurement trend, but a 
specific trap model calibration has to be done for each 
technology in order to improve the predictability of the 
simulator. Therefore, if the technology used provides a lower 
STI interface quality than the gate oxide interface, CTI can be 
reduced by increasing the Pwell inclusion on STI edges at the 
expense of the foundry recommendation. 
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